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RESUMO 

As interações simbióticas entre microrganismos, tanto procariontes quanto eucariontes, 

desempenharam um papel significativo na formação do curso da evolução da vida na 

Terra. Essas relações levaram a estratégias ecológicas engenhosas com impactos de 

longo alcance nos ecossistemas, como os recifes de coral. Nos recifes de coral, as 

associações simbióticas são cruciais para manter a saúde geral do recife, com 

microrganismos estabelecendo conexões próximas com vários organismos, facilitando a 

troca de compostos e desempenhando papéis essenciais no ciclo de nutrientes. 

Um organismo que desempenha um papel fundamental nos ecossistemas de recifes, 

mas muitas vezes é negligenciado, é o Foraminífero Bêntico Maior (FBM). Os FBM são 

protistas unicelulares encontrados em ecossistemas costeiros tropicais. Eles contribuem 

significativamente para o equilíbrio de carbonato do recife através da calcificação, 

influenciando a estrutura do recife, os sedimentos e o equilíbrio químico. Os FBM 

demonstraram sensibilidade às condições ambientais, tornando-os indicadores 

potenciais da condição dos recifes de coral. Eles dependem de relacionamentos 

simbióticos para crescimento e calcificação, o que tem despertado um interesse 

crescente no estudo da dinâmica de seu microbioma. Além de seu simbionte eucarionte, 

é sabido que os FBM também abrigam comunidades procarióticas, embora sua 

contribuição para o sucesso dos FBM seja muito pouco estudada. Por um lado, uma 

parceria de longo prazo com procarióticos específicos do hospedeiro sugere a presença 

de forças ecológicas e evolutivas significativas que promovem e sustentam essas 

associações. Por outro lado, uma variabilidade no microbioma tem sido proposta como 

vantajosa, especialmente em resposta a condições em mudança. 

Considerando a importância dos Foraminíferos Bênticos Maiores (FBM) na manutenção 

e preservação dos ecossistemas de recifes, torna-se urgente compreender seu sistema 

holobionte procariótico. Este estudo tem como objetivo i) comparar o microbioma 

procariótico dos FBM com os microbiomas da água do mar e do substrato, ii) identificar 

um potencial microbioma procariótico central específico da espécie e iii) estudar a 

influência do local na composição do microbioma procariótico. 



 

O estudo concentrou-se nos Foraminíferos Bênticos Maiores (FBM), que são protistas 

marinhos unicelulares encontrados em águas rasas tropicais e subtropicais. O 

Arquipélago de Spermonde abriga esses organismos, habitando principalmente 

substratos como destroços de coral revestidos de algas coralináceas crostosas e áreas 

arenosas. O Arquipélago de Spermonde, situado próximo a Sulawesi, Indonésia, no 

coração do Triângulo de Coral. Este arquipélago é composto por aproximadamente 120 

ilhas e bancos de recifes, localizados em uma ampla plataforma de carbonato que se 

estende por 40 km e atinge profundidades de até 60 metros. A área de estudo tem um 

clima de monção, com uma estação seca de maio a outubro, caracterizada por ventos do 

sudeste que desencadeiam a ressurgência, e uma estação chuvosa de novembro a abril, 

marcada pelo aumento da hidrodinâmica e pelas entradas de água doce dos rios, 

levando a uma redução na salinidade e aumento da turbidez. Tempestades sazonais e 

ondulações contribuem para a disponibilidade de substrato para colonização de 

foraminíferos e moldam as condições físico-químicas. 

A coleta foi realizada em agosto de 2022 em três locais de duas ilhas habitadas, Badi e 

Padjenekang, no platô do recife e na encosta do recife. Amostras de água do mar foram 

coletadas perto do substrato, filtradas e armazenadas para extração de DNA. Amostras 

de substrato foram coletadas e examinadas sob um microscópio para remover os FBM 

visíveis, com foco no estudo do microbioma do próprio substrato. A coleta de 

foraminíferos envolveu a coleta de espécimes do substrato, destroços de coral ou algas. 

Esses espécimes foram limpos para eliminar microorganismos externos e matéria 

orgânica, armazenados e posteriormente submetidos à extração de DNA. Foram 

escolhidas cinco espécies-alvo de foraminíferos para análise com base em características 

específicas, incluindo a presença de diatomáceas e testes lisos. Essas espécies incluíram 

Amphistegina radiata, A. lessonii, A. lobifera, Calcarina spengleri, Heterostegina depressa 

e Neorotalia calcar. 

A extração de DNA foi realizada usando diferentes kits e protocolos para amostras de 

água do mar, substrato e foraminíferos, e controles negativos foram usados para 

validação. As regiões variáveis-alvo V4-V5 do gene 16S rRNA foram amplificadas usando 

os iniciadores 515F-Y e 926R. As Variantes de Sequência Exatas (ESVs) foram 



 

sequenciadas usando Novaseq. Essas amplificações foram realizadas por meio de uma 

reação em cadeia da polimerase (PCR) de duas etapas, primeiro para amplificar a região-

alvo 16S e depois para marcar o DNA usando índices duplos exclusivos de 10 pb (UDI) da 

IDT. Para análise de dados, o estudo utilizou o software R, dependendo principalmente 

de pacotes como phyloseq e microbiome. Pacotes específicos de análise estatística e 

visualização foram empregados conforme necessário. 

A comparação do microbioma procariótico dos FBM com o do ambiente circundante, 

incluindo água e substrato, revela insights emocionantes sobre a especificidade e 

singularidade dessas comunidades microbianas. Contrariamente ao esperado, o 

microbioma dos FBM é notavelmente distinto tanto da água do mar quanto do substrato. 

Essa diferenciação é marcada pela compartilhamento muito baixo de ESVs procarióticos 

dentro dos FBM com seu ambiente, mas também pela ausência de um microbioma 

central compartilhado entre os FBM em contraste com um microbioma central amplo 

tanto na água do mar quanto no substrato. 

O substrato, onde os FBM residem e se alimentam, era esperado ter uma sobreposição 

mais substancial na composição microbiana com os FBM. No entanto, a composição 

distinta do substrato, caracterizada por uma riqueza relativamente baixa de espécies 

microbianas, mostrou o contrário. Essas descobertas desafiam a noção de uma 

transferência direta de microrganismos entre os FBM e seu ambiente imediato, 

enfatizando a complexidade das interações microbianas dos FBM. 

Em contraste, a água do mar se destaca como o compartimento mais diverso, abrigando 

um microbioma central rico e diversificado compartilhado entre ilhas e áreas de recifes. 

Esse fenômeno pode ser atribuído à alta conectividade do fluxo de água nos 

ecossistemas de recifes, facilitando o transporte de matéria orgânica e inorgânica, bem 

como de microrganismos, entre diferentes áreas. 

A especificidade de espécie do microbioma procariótico dos FBM é uma descoberta 

central deste estudo. Cada espécie de FBM hospeda um microbioma procariótico único, 

sugerindo que as associações microbianas estão intrinsecamente ligadas à identidade da 

espécie hospedeira. Essa observação está em consonância com pesquisas anteriores que 

consistentemente identificaram microbiomas distintos dentro das espécies de FBM. 



 

Essas descobertas indicam uma preferência seletiva por espécies microbianas 

específicas pelos FBM, reforçando ainda mais a noção de uma relação simbiótica. 

Curiosamente, apesar do microbioma central específico da espécie, há flexibilidade 

dentro do microbioma central que varia em diferentes áreas do recife. Essa 

adaptabilidade sugere a capacidade dos FBM de ajustar suas comunidades microbianas 

em resposta às condições ambientais em mudança. Essa flexibilidade pode conferir uma 

vantagem adaptativa, auxiliando no sucesso de colonização dos FBM em vários 

ecossistemas marinhos ao longo da história geológica. No entanto, uma investigação 

genética e fisiológica mais aprofundada é necessária para confirmar definitivamente a 

existência de simbiose entre os FBM e seu microbioma procariótico. 

A influência da ilha e da área de recife na composição do microbioma procariótico dos 

FBM não pode ser subestimada. Variações na composição do substrato entre diferentes 

ilhas contribuem significativamente para as diferenças nas comunidades microbianas. 

Os substratos distintos de cada ilha, seja dominado por algas ou areia, desempenham 

um papel fundamental na formação da diversidade e composição microbiana dentro dos 

FBM. 

Além disso, fatores terrestres, como a presença humana, podem ter um impacto 

profundo na qualidade da água, o que, por sua vez, afeta a comunidade bacteriana. A 

baixa qualidade da água, combinada com uma alta entrada de matéria orgânica, tem sido 

associada a uma maior abundância de classes microbianas específicas, como 

Gammaproteobacteria, Bacilli e Bacteroidia, que são abundantes no microbioma 

procariótico dos FBM de uma das ilhas. 

Dentro das áreas de recife, são evidentes dissimilaridades nas comunidades 

microbianas. Embora o compartilhamento de espécies microbianas entre áreas seja 

limitado, é observado um maior grau de compartilhamento entre espécies de FBM que 

habitam a mesma área de recife. Variações de profundidade também exercem influência, 

com espécies de FBM amostradas em diferentes profundidades na mesma área exibindo 

diferenças em seu microbioma procariótico. A heterogeneidade inerente dos 

ecossistemas de recifes, onde cada habitat possui suas próprias condições ambientais 

únicas, desempenha um papel crucial na formação do microbioma procariótico dos FBM. 



 

Em conclusão, este estudo fornece informações valiosas sobre as dinâmicas intrincadas 

dos microbiomas procarióticos dentro dos Foraminíferos Bênticos Maiores e sua 

profunda influência nos ecossistemas de recifes. A natureza específica da espécie e 

dependente do local desses microbiomas procarióticos, distintos do ambiente 

circundante, destaca a complexidade das interações microbianas dentro dos FBM. A 

presença de ESVs específicas em indivíduos da mesma espécie sugere a existência de 

uma relação simbiótica, embora pesquisas adicionais sejam necessárias para uma 

confirmação definitiva. O impacto da ilha, da área de recife e da composição do substrato 

nas comunidades microbianas destaca a sensibilidade dos microbiomas dos FBM aos 

fatores ambientais. Essa sensibilidade pode potencialmente contribuir para a 

adaptabilidade e o sucesso de colonização dos FBM em diversos ecossistemas marinhos. 

Essas descobertas aprofundam nossa compreensão da simbiose nos ecossistemas de 

recifes, enfatizando a necessidade de pesquisa contínua para desvendar as 

complexidades desses habitats marinhos vitais. 

Palavras-chave: Foraminíferos Bentónicos Maiores, microbioma procariótico, 

Amphistegina, Calcarina, Heterostegina, Neorotalia  



 

ABSTRACT 

Symbiotic interactions between microorganisms have played a pivotal role in shaping 

Earth's evolutionary trajectory. Coral reefs, characterized by intricate ecological 

strategies, are prime examples of the profound influence of these symbiotic relationships 

on ecosystems. Among the organisms central to coral reef health are the Larger Benthic 

Foraminifera (LBFs), single-celled protists found in tropical coastal ecosystems, 

significantly contribute to reef carbonate balance. Although there is an understanding of 

their eukaryotic microbiome, their prokaryotic microbiomes remain vastly understudied. 

This study explores the prokaryotic microbiomes of LBFs by i) comparing the LBF 

prokaryotic microbiome to seawater and substrate microbiomes, ii) identifying a 

potential species-specific core prokaryotic microbiome, and iii) studying the influence of 

the site on the prokaryotic microbiome composition. Sampling encompassed LBFs, 

seawater, and substrate at the Spermonde Archipelago in Indonesia. The target variable 

regions V4-V5 of the 16S rRNA gene were amplified and the Exact Sequence Variants 

(ESVs) were sequenced using Novaseq. The results show a big divergence between LBFs' 

microbiomes and those of their surrounding environment, seawater, and substrate. The 

species-specificity of LBFs' prokaryotic microbiome was evident, with each LBF having one 

or two very abundant ESVs and in some cases having a core microbiome. This selectivity 

suggests a symbiotic relationship between LBFs and specific microbial species, 

contributing to their adaptability and colonization success across diverse marine 

environments. The island and reef area exerted substantial influence on microbiome 

composition. Dissimilarities in microbial communities were observed among reef areas, 

with LBFs species within the same area exhibiting greater similarity. Depth variations 

further emphasized the role of environmental heterogeneity in shaping LBFs' prokaryotic 

microbiome. The ability to have a flexible prokaryotic microbiome have been proposed 

as advantageous, particularly in response to changing conditions. These findings deepen 

our understanding of the symbiosis in reef ecosystems, emphasizing the need for 

continued research to understand the intricacies biotic relationships in reefs. 

Key words: Larger Benthic Foraminifera, prokaryotic microbiome, Amphistegina, 

Calcarina, Heterostegina, Neorotalia. 
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Understanding selectivity on the prokaryotic microbiome in Larger 

Benthic Foraminifera 

INTRODUCTION 

Symbiotic interactions, encompassing both prokaryotes and eukaryotes microorganisms, 

have profoundly influenced the course of life evolution on Earth (Archibald, 2015; 

Margulis, 1971; Sapp, 1994). In a symbiotic relationship, the consortium of 

microorganisms residing in and on an organism, the host, is known as its microbiome. 

These relationships have led to ingenious ecological strategies (Goffredi et al., 2005; Lee 

et al., 2010) with possibly far-reaching impacts, shaping entire ecosystems as coral reefs 

(Roth, 2014 and references within).  

In reefs, symbiotic associations play a key role. Both eukaryotic and prokaryotic 

microorganisms are crucial to maintaining overall reef health, generating close symbiotic 

connections with numerous organisms  (e.g., Pernice et al., 2020; Rosenberg et al., 2007). 

These microorganisms are adept at trading various compounds with and are translocated 

to the host by direct digestion of the symbiont cells  (Fankboner, 1971; Titlyanov et al., 

1996; Wiedenmann et al., 2023). The symbiotic relationship between microalgae and coral 

species is well-documented, enabling the survival of corals throughout their evolutionary 

history (Blackall et al., 2015). Moreover, the microbiome of sponges, an increasingly 

explored subject, has revealed remarkable diversity (Freeman et al., 2021). However, 

there is one organism which has a strong relationship with its microbiome and plays a 

pivotal role in reef ecosystems but it is often overlooked—the Larger Benthic 

Foraminifera (LBFs). 

Larger Benthic Foraminifera are single-celled protists that are prominent in tropical 

coastal ecosystems. They play a vital role in reef carbonate balance through calcification, 

accounting for nearly 5% of the annual carbonate production in present-day reef and 

shelf areas worldwide (Langer, 2008). As a result, LBFs influence the reef structure and 

sediments as well as help to maintain chemical equilibrium by acting as buffers against 

pH changes by test (shell) dissolution after their demise (Yamamoto et al., 2012).  
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LBFs has shown a big sensitivity to the surrounding physicochemical conditions, to the 

point that they have been put forward as effective indicators of coral reef condition (e.g. 

Girard et al., 2022; Hallock et al., 2003; Humphreys et al., 2022). Like many marine 

organisms, LBFs rely on symbiotic relationships for both growth and calcification (Hallock, 

1985; Lee, 2006), and their microbiome has shown to have a rapid response to 

environmental stressors, particularly elevated sea-surface temperatures and water 

quality (Prazeres, 2018; Schmidt et al., 2011; Webster et al., 2013, 2016). The importance 

of LBFs in the reef system and their capacity to be an indicator of reef degradation has 

led to an emerging interest in studying their microbiome dynamics. 

To date, the main focus of research on LBFs’ microbiome has been directed towards 

eukaryotic symbiosis in LBFs. However, LBFs also host prokaryotic communities (Bourne 

et al., 2013; Martin et al., 2019; Prazeres, 2018; Prazeres et al., 2017; Webster et al., 2013, 

2016), although this diversity and their contribution to the success of LBFs is very 

understudied. The few studies available have shown that the prokaryotic community in 

LBFs is species-specific (Bourne et al., 2013; Martin et al., 2019; Webster et al., 2016) and 

part of that microbiome is constant across the individuals of the same species (Martin et 

al., 2019), known as the core microbiome. A long-term partnership with host-specific 

bacteria, suggests the presence of significant ecological and evolutionary forces that 

promote and sustain these associations (Ainsworth et al., 2015; Reveillaud et al., 2014). 

Nonetheless, LBFs have demonstrated the capacity to establish site-specific 

microbiomes, that can vary across different areas of the same reef (Prazeres et al., 2017). 

Also, this microbiome can re-assemble when populations encounter diverse 

environmental conditions (Prazeres, 2018). This variability in the bacterial microbiome 

has been proposed as advantageous, particularly in response to changing conditions 

(Ziegler et al., 2017). 

Considering the importance of Larger Benthic Foraminifera (LBFs) in maintaining and 

preserving reef ecosystems, it becomes urgent to comprehend their prokaryotic 

holobiont system. In this study, next-generation sequencing will be applied to 

characterise the prokaryotic microbiomes of six LBFs, collected from diverse reef sites 

spanning two islands within the Spermonde Archipelago (Indonesia). This investigation 



3 

aims to i) compare it to seawater and substrate microbiomes, ii) identify a potential 

species-specific core microbiome, and iii) study the influence of the site on the 

microbiome composition. 

METHODS 

Study Area 

The Spermonde Archipelago (Fig.1A) is located in the heart of the Coral Triangle, near the 

southwest coast of Sulawesi, Indonesia, within the Makassar Strait. It encompasses 

around 120 reef islands and shoals, situated on a broad carbonate platform that spans 

40 km and reaches a maximum depth of 60m. The cay-crowned reefs and shoals are 

aligned parallel to the coast, and the reef flat is typically very shallow, with a maximum 

depth of 0.5m during low tide (for a more detailed description of the reef system, see 

Renema et al. (2001). 

This region experiences a monsoon climate, characterised by a dry season from May to 

October, dominated by SE winds that trigger upwelling at the outer shelf rim. During the 

wet season (November to April) the hydrodynamics are at their peak, and the nearshore 

freshwater inputs are accentuated by the fluvial discharges, primarily from the Jene 

Berang and Maros rivers. Consequently, this results in reduced salinity, increased 

amounts of silts, terrigenous sands, and pollutants, ultimately leading to a decrease in 

light penetration (Erftemeijer, 1993), defining it as a turbid reef system. 

In the Spermonde Archipelago, the most common substrates for Larger Benthic 

Foraminifera (LBFs) are coral rubble coated with crustose coralline algae and sandy areas. 

Additionally, in certain locations, seasonal storms and swells lead to frequent rubble 

avalanches, creating vast areas of substrate that are suitable for foraminifera 

colonisation.  

Larger Benthic Foraminifera (LBFs), are a group of marine protists belonging to the 

phylum Foraminifera. These single-celled organisms are characterized by their large size, 

complex chambered shells, and benthic (bottom-dwelling) habitat in various marine 

environments, primarily tropical and subtropical shallow waters. The distribution of LBFs 

in the Spermonde Archipelago can be found in Renema et al. (2001). 
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The sampled locations are the two Islands Badi and Padjenekang, both inhabited. Badi is 

situated in the 30-40m depth area of the platform while Padjenkang is situated in the 20-

30m depth area. The sampling sites in Badi had mainly a substrate composed of rubble 

and macroalgae (Fig. 1B), while in Padjenekang it was mainly a mix of rubble and sand 

(Fig.1C).  

     

 

Fig.1A. Spermonde Archipelago, in the Makassar Strait (Indonesia), where the two sampled islands 

Badi and Padjenekang are located. B. In Badi, the substrate is a mix of macroalgae and coral rubble 

covered by crustose coralline algae. C. In Padjenekang the substrate was mainly composed of sand 

and coral rubble covered by crustose coralline algae. 
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Sampling 

During August 2022, seawater from the benthic boundary layer (from now on, referred 

to as seawater), substrate and living assemblages of LBFs were collected from Badi and 

Padjenekang (Fig.1) at three sites: reef flat, the reef slope at water depths of 10 m and 

20m. 

Water sampling: 

 At each sampling site, seawater at 1-10 cm from the substrate was collected three times 

using 50 mL syringes and stored in a cooling box filled with ice. The collected seawater 

was then filtered through sterile 0.2μm pore-size filters (Whatman Puradisc 25mm), and 

the filters were placed in ATL lysis buffer (Blood and Tissue DNA extraction kit, Qiagen) at 

room temperature for transportation to the Naturalis Biodiversity Centre (NBC) for DNA 

extraction.  

Substrate sampling 

For the substrate samples, a 50mL falcon tube was filled with the collected substrate 

(rubble, sand, or algae) at each sampling site. These tubes were then stored in 70% 

ethanol inside a cooling box filled with ice. Upon returning to shore, the samples were 

carefully examined under a microscope to remove all visible Larger Benthic Foraminifera 

(LBFs), as the objective was to study the microbiome of the substrate by itself. 

Subsequently, samples were transferred to 96% ethanol and stored at -20°C until DNA 

extraction was conducted at the NBC. 

Foraminifera sampling: 

Finally, the foraminifera sampling consisted of filling cotton bags (18 cm x 32 cm) with 

rubble, algae and/or sand from the substratum. Once out of the water, the surface of the 

substrate, the coral rubble or algae was scrapped to collect all the LBFs specimens 

inhabiting their surface. Each scrapped material was stored in separated tubes with 96% 

ethanol at -20 ºC till the foraminifera picking and DNA extraction was performed at the 

NBC. 

From each sample, 5 healthy individuals of the following target species were picked using 

a stereomicroscope: Amphistegina radiata, A. lessonii, A. lobifera, Calcarina spengleri, 
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Heterostegina depressa and Neorotalia calcar. Colour was used to distinguish between 

healthy and deceased individuals, as it indicates the presence of photosymbionts. These 

particular species were chosen because they are all known to be diatom-bearing as well 

as present smooth tests, which are expected to facilitate the cleaning process (refer to 

DNA extraction section). Pictures were taken, and the individuals were identified to the 

species level based on morphological features of their tests, following the criteria outlined 

in Macher et al. (2021), Renema  (2018), Renema et al. (2001), and the World Foraminifera 

Database. In total, 100 individuals were selected and carefully stored in separate tubes 

with Ethanol 96% to prevent any potential cross-contamination. 

Due to their varying distribution along the reef, not all species were present in every area. 

On the reef flat, A. lessonii, A. lobifera, and N. calcar were present. In the mid-reef slope 

(10m), A. lessonii, A. radiata, H. depressa, and C. spengleri were found. Lastly, in the deep 

reef slope (20m), the collected species were A. lessonii, A. radiata, and H. depressa (Fig.2).  

 

Fig. 2. Distribution of the LBFs along the three different sampled areas of the reef (reef flat, reef 

slope at 10 and 20 m). A. lessonii was present across all the areas (yellow line) and, A. radiata and 

H. depressa were present along the reef slope (pink and green lines).  
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DNA extraction 

DNA extractions were carried out in February of 2023 at the Naturalis Biodiversity Centre 

(NBC). DNA was extracted from a total of 18 seawater samples with the DNeasy 96 Blood 

& Tissue Kit (Qiagen) with a modified protocol to maximise DNA yield (Annex 1). The DNA 

from the 6 substrate samples were extracted with the NucleoSpin Soil Kit (Macherey-

Nagel) with a modified protocol (Annex 2).  

The DNA extraction of 100 foraminifera individuals had a previous cleaning step to 

thoroughly eliminate external microorganisms and organic matter from the shells. First, 

they were brushed with a thin brush and transferred to a new individual tube containing 

clean ethanol 96%. The utensils used in this step were sterilised between cleaning of each 

individual. Then, the specimen was rinsed three times with MiliQ water, with vortexing 

carried out between each rinse to enhance the removal of remaining impurities. Finally, 

the cleaned individuals were stored in a new tube filled with Ethanol 96%. Before DNA 

extraction, each individual was dried in 1.5-ml Eppendorf tubes and then crushed using 

a sterile metal pestle. The QIAamp DNA Micro Kit (Qiagen) was utilised for total genomic 

DNA extraction, following the manufacturer's protocol.  

To serve as negative controls, for seawater, substrate and foraminifera extractions the 

same method was carried out in tubes without any biological samples. Following 

extraction, DNA quantification was conducted using the UV/Vis absorbance spectrometer 

Lunatic, following the manufacturer's instructions. 

Because different kits have an impact on the species abundance, but not on the presence 

of exact sequence variants (ESVs) (Hallmaier-Wacker et al., 2018), the comparison 

between seawater, substrate and foraminifera could only be done with 

presence/absence data (see data analysis section). 

Amplification, sequencing and amplicon curation 

The target variable regions V4-V5 of the 16S rRNA gene were amplified in all the samples 

using the primers 515F-Y (5’GTGYCAGCMGCCGCGGTAA) and 926R (5’ 

CCGYCAATTYMTTTRAGTTT) (Parada et al., 2016). These amplifications were performed by 
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a two-step polymerase chain reaction (PCR) to first amplify the target region 16S and 

second, to label the DNA using IDT 10-bp unique dual indexes (UDI). 

The mastermix for the first PCR consisted of 12.5μL of KAPA HiFi HotStart ReadyMix 

(Roche, Basel, Switzerland) plus 1μL of each primer (10 pmol/μL of IDT10-515F-Y and 

IDT10-926-R), 3μL MiliQ and 2.5μL of sample. The PCR programme was 3 min at 95ºC 

(initiate denaturation), 20 sec at 98ºC (denaturation), 30 sec at 50ºC (annealing), 30 sec at 

72ºC (extension) for 35 cycles and 5 min at 72ºC (final extension). For each sample, three 

PCR replicates were created. PCR products were then purified using magnetic beads. The 

bead ratio was 0.9μL for each 1μL of sample, and the elution volume was 20μL. 

The second PCR aimed to label the samples with the IDT10 labelling kit. The mastermix 

consisted of 10uL of KAPA HiFi HotStart ReadyMix (Roche, Basel, Switzerland), 1μL of each 

tagged primer (IDT10-i5 and IDT10-i7), 3μL MiliQ and 3μL of sample. The PCR program 

was the same as the first PCR but with 8 cycles. 

During the amplification stage, various dilution methods were tested (x1, x10, and x50) 

for the DNA templates. The effectiveness of each dilution method varied depending on 

the sample. Therefore, the most appropriate dilution method (from 1X to 50X) for each 

specific sample was selected to ensure optimal results during the amplification process. 

The purified PCR products were quantified using a Fragment Analyzer. To ensure even 

representation during sequencing, the IDT10 labelled amplicons were pooled in 

equimolar ratios. Finally, the pooled samples were sequenced as 250 paired-end reads 

on an Illumina Novaseq platform. 

The sequence data was processed in APSCALE using VSEARCH (Buchner et al., 2022) to 

correct amplicon errors, identify chimaeras, and merge paired-end reads. The minimum 

overlap was set to 50 bp with a maximum difference of 10 bases. The length filtering was 

367-377 bp, the minimum dereplication was 4, and the clustering alpha was 2 with a 

minimum abundance of 20 sequences. After processing, the dataset was curated using 

LULU (Frøslev et al., 2017) default settings. Subsequently, taxonomic assignment for each 

Exact Sequence Variant (ESV) was assigned using the reference database SILVA 16S rRNA 

(Pruesse et al., 2007). Taxa were assigned to a certain taxonomic level according to cut-
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off points of the percentage of identity (ID), which are: 98.7% for species, 94.5% for genus, 

86.5% for family, 82% for order, 78.5 for class and 75% for phylum (Yarza et al., 2014).   

Software for data analysis 

All data filtering and processing were conducted using RSoftware v4.3 (R Core Team 

2023), primarily utilising the following packages: phyloseq v1.44 (McMurdie & Holmes, 

2013) and microbiome v1.23 (Lahti & Shetty, 2017). For statistical analysis and 

visualisation, additional specific packages were employed, and the most important 

functions will be mentioned in the subsequent sections where they were used. 

Contaminants 

The decontam v1.20 package (Davis et al., 2018) was utilised to detect contaminants by 

analysing the negative controls. However, in this case, it led to identifying potential non-

contaminants as contaminants like cyanobacteria and vice versa, such as Cutibacterium 

acnes. Consequently, the first 50 most abundant ESVs with over 98.7% identification 

(Yarza et al., 2014) were checked manually to identify major potential contaminants. As a 

result, a total of 8 ESVs were removed from the dataset (Burkholderia pseudomultivorans, 

Cutibacterium acnes, Moraxella osloensis, Klebsiella aerogenes KCTC 2190, Escherichia 

fergusonii ATCC 35469, Streptococcus oralis subsp. Dentisani and Streptococcus oralis 

subsp. tigurinus AZ_3a) if present in every negative sample. These ESVs are extensively 

documented in the literature as being exclusively associated with the human 

microbiome.  

Data filtering and replicate merging 

ESVs assigned to organelles were removed from the data set. Then, those ESVs with read 

counts below 100 (representing 0.1% of the total minimum reads) in any given sample 

were excluded from the analysis as they were considered non-present in that sample. 

Prevalence and rarefaction filtering were avoided to retain rare taxa that could potentially 

account for disparities among samples (Willis, 2019). Then, the ESVs present in at least 2 

out of 3 PCR replicates of a sample were combined. Also, after this filtering, two samples 

were removed as they did not have any ESV: one sample of A. lessonnii and H. depressa 

from Badi island at 20m. 
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Data analysis 

Rarefaction curves were built with rarecurve() from the vegan v2.6 package (Oksanen et 

al., 2023). To capture all the sequencing depth, ESVs with low abundance reads should 

also be taken into account. For this, the replicates were merged without removing low-

abundant ESVs.  

In the alpha diversity analysis, three metrics were calculated and visualised using the 

boxplot_alpha() function in the microbiome package. Richness was determined as the 

total number of ESVs in each sample, complemented by the use of Shannon's diversity 

index (H') to consider species abundances. A higher H' value indicates a greater number 

of species and evenness in their abundance. To test the statistical differences between 

alpha diversity results, the Wilcox test was done.  

The Non-Metric Multidimensional Scaling (nMDS) was conducted using a Jaccard 

dissimilarity matrix based on the filtered data. The method Jaccard was chosen, as it only 

takes into account presence/absence data. The DNA extraction of water, substrate and 

foraminifera was made using different extraction kits, which prevents the comparison of 

abundances (Hallmaier-Wacker et al., 2018). The resulting nMDS plot was visualised using 

the plot_ordination() function from the phyloseq package. To assess the impacts of the 

factors on the dissimilarity patterns observed in the nMDS plot, the Randomization of 

Residuals in a Permutation Procedure (RRPP) (Collyer & Adams, 2018) was applied to the 

dissimilarity matrices. The factors tested were sample types (each of the foraminifera 

species, substrate, and seawater), reef area (reef flat, slope at 10m, and slope at 20m), 

and island (Badi and Padjenekang). Subsequently, a pairwise test for each factor was 

performed against a null model to determine their significance (α < 0.05).  

The ESVs were grouped to examine the relative abundance of each class. To ensure 

accurate assignments for all ESVs, class level was selected as not all ESVs met the 86.5% 

threshold needed for family assignment (Yarza et al., 2014), making class the more 

suitable choice for straightforward grouping. This agglomeration process gave insights 

into the distribution of different taxonomic groups within the microbial community. The 

overall most abundant classes were plotted for each of the foraminifera species using the 

plot_composition() function from the microbiome package v1.23 (Lahti & Shetty, 2017). 
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To visualise the number of shared ESVs among foraminifera, substrate, and seawater, as 

well as between the islands and reef areas, Venn diagrams were created. This was 

achieved using the get_vennlist() function from the MicrobiotaProcess v1.12 package (Xu 

et al., 2023) and the ggVennDiagram() function from the ggVennDiagram v.1.2 package 

(Gao et al., 2021). For displaying the shared ESVs between the foraminifera species, an 

upset diagram was generated. This process involved using the get_upset() function from 

the MicrobiotaProcess package, along with the make_comb_mat() and UpSet() functions 

from the ComplexHeatmap v2.16 package (Gu et al., 2016). These visualisations allowed 

for a clear representation of the overlapping ESVs between the different factors. 

In this study, the core microbiome was defined as the set of ESVs that were present across 

90% of the subset samples. In this case, the subsets were each foraminifera species, the 

seawater and the substrate. It is important to note that the definition of the core 

microbiome does not yet have a consensus within the scientific community (Neu et al., 

2021). However, for this specific analysis, a prevalence threshold of 90% was considered 

appropriate to allow for a single drop-off for every 10 samples, accounting for the 

variability that may arise in a natural community. The core microbiome was identified 

with the function core_members() in the microbiome package v1.23 (Lahti & Shetty, 2017).  
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RESULTS 

The rarefaction curve analysis demonstrated that the sequencing depth was sufficient at 

around 5x105 to capture all the diversity present in most of the foraminifera and 

substrate samples (Fig. 3A and B). After data filtering, a total of 1345 prokaryotic ESVs 

were obtained (Annex 3). Among these ESVs, 578 (43%) were found in the foraminifera 

samples, 625 (45%) in the seawater samples, and 234 (17%) in the substrate samples. The 

total number of reads was 6,628,125. The lowest number of reads for one ESV was 100 

and the maximum was 477,667. The minimum number of reads in one sample was 228 

and the maximum was 249,467 (Fig. 3C).  

 

Fig.3. A. Rarefaction curve of each foraminifera sample, coloured by species, based on amplicon 

sequencing of the V4-V5 region of the 16S rRNA gene. The sequencing depth was sufficient to 

capture most of the diversity in every sample. B. Rarefaction curve for each sample. The 

sequencing depth was sufficient at around 5x105 to capture all the diversity present in most of the 

foraminifera and substrate samples.  C. Distribution of the total number of reads. This plot shows 

how most of the samples had less than 1x105. Foraminifera samples (in red) were the ones that 

reached a higher number of reads. Substrate samples (in blue) had the lowest number of reads.  
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Alpha diversity 

The seawater samples had the highest richness and H’ diversity, as well as variability, 

being significantly different from the foraminifera (Wilcox test p-value=1.2e-10 for richness 

and 0.3e-9 for H’ diversity) and substrate (p-value=0.0300 and 0.0400). Among 

foraminifera species, all the foraminifera species had similar richness and H’ diversity, 

except for H. depressa, which showed the lowest values. This species was the only one 

that was significantly different from the rest, specifically from A. lessonii (p-value=0.0003 

and 0.0002), C. spengleri (p-value=0.0090 and 0.0149) and N. calcar (p-value=5.4 e-6 and 

0.0041) (Fig. 4).  

 

           

       

Fig.4. Richness and Shannon’s diversity index (H’) of the foraminifera Amphistegina lessonii, A. 

lobifera, A. radiata, Calcarina spengleri, Heterostegina depressa, Neurotalia calcar, as well as 

seawater and substrate samples, based on amplicon sequencing of the V4-V5 region of the 16S 

rRNA gene Black dots represent the mean and grey dots represent outliers. In order to improve 

visualisation, a richness value of 665 was not represented in the seawater boxplot.  
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Beta diversity 

Sample type was the main driver of prokaryotic community composition, with an R square 

up to 22% in the RRPP analysis ((Fig. 5 and Table 1). However, the island and the reef area 

also had an influence on the composition. The prokaryotic community of the LBFs species 

was very different from the surrounding environment water and the substrate (p-value 

<0.05, Annex 4A), although seawater samples showed the most distinct community 

composition (RRPP pairwise, p-value=0.01). Overall, each LBFs species had a distinct 

prokaryotic composition, except for some few similarities between some pairs of species. 

Both reef flat species A. lobifera and N. calcar did not show differences with A. lessonii, 

and both the reef slope species A. radiata and C. spengleri (see Annex 4A for all p-values).  

 

 

Fig. 5. nMDS of the prokaryotic community based on amplicon sequencing of the V4-V5 region of 

the 16S rRNA gene in the foraminiferas Amphistegina lessonii, A. lobifera, A. radiata, Calcarina 

spengleri, Heterostegina depressa, Neurotalia calcar, as well as seawater and substrate. 

Conducted on the Jaccard dissimilarity matrix. 
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Table 1. Randomization of Residuals in a Permutation Procedure (RRPP) for the prokaryotic 

communities between sample type (seawater, substrate and each of the 6 species of LBFs), island 

(Badi and Padjenekang) and area of the reef (reef flat, reef slope at 10 and 20 m depth), and all 

their interactions. Based on amplicon sequencing of the V4-V5 region of the 16S rRNA gene and 

conducted on the Jaccard dissimilarity matrix (α=0.05).  

Factor R2 (%) p-value 

Sample type 22.17 0.001* 

Island 2.53 0.001* 

Area 2.40 0.001* 

Sample type:island 6.41 0.001* 

Sample type:area 4.79 0.001* 

island:area 1.69 0.001* 

Sample type:island:area 3.89 0.005* 

 

The prokaryotic communities in both islands are strongly influenced by sample type 

(Rs=31%, p-value=0.001), but also by the area of the reef (Rs=4-5%, p-value=0.001, Annex 

4B). The LBFs-associated community consistently differed from the seawater and 

substrate (Annex 4C).  Exploring the inter-island disparities, LBFs from Padjenekang 

exhibited a higher degree of similarity among them, than those from Badi. Within Badi, 

the prokaryotic communities found within LBFs samples exhibited a greater dispersion 

(Fig. 6), suggesting a more species-specific association. However, despite these 

differences, in both islands, certain LBFs exhibited significant similarities in their 

prokaryotic communities (Annex 4C).  

When examining the prokaryotic community of the LBFs along the reef areas within each 

island, Badi only displayed differences between the two areas of the reef slope. In 

contrast, Padjenekang exhibited notable disparities, particularly between the 10-meter 

slope and the rest of the areas (see Annex 4D for all p-values). Those species that occurred 

across the reef also showed significant differences in their microbial composition 

depending on the area (Annex 4E).  



16 

Fig. 6. nMDS of the prokaryotic community in the Larger Benthic Foraminifera species 

Amphistegina lessonii, A. lobifera, A. radiata, Calcarina spengleri, Heterostegina depressa, 

Neurotalia calcar, as well as seawater and substrate, for each island and reef area. Based on 

amplicon sequencing of the V4-V5 region of the 16S rRNA gene and conducted on the Jaccard 

dissimilarity matrix.  

 

Classes abundance in the LBFs 

The abundance of the prokaryotic classes sequenced in this study varied across samples, 

as well as between islands. Overall, the most abundant classes were 

Gammaproteobacteria, Alphaproteobacteria and Bacilli, although their abundances 

changed between species (Fig. 7A). For most of the species Gammaproteobacteria was 

the most abundant class, except for A. lessonii and A. lobifera. For both of these species 

the most abundant class was Alphaproteobacteria and they were also the only ones 

where Myxococcia was found, supporting the similarities found throughout all the results. 

N. calcar had the most unique abundance distribution, with a high abundance of 

Clostridia and the unique presence of Vicinamibacteria. 

When distinguishing between islands, both show similar abundance and presence 

patterns for each species (Fig. 7B). However, in Badi there is a major presence of the class 

Bacteroidia when present, while in Padjenekang the class Bacilli has a higher abundance 

and Alphaproteobacteria is lower. N. calcar is the species that have a more different class 

abundance between islands, as Clostridia and Vicinamibacteira is only part of its 

microbiome in Padjenekang by a reduction of the proportion of Alphaproteobacteria. 
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Fig. 7. Relative abundance of the prokaryotic classes based on amplicon sequencing of the V4-V5 

region of the 16S rRNA gene found in the six species of the Larger Benthic foraminifera sampled 

in the Spermonde Archipelago (A), as well as in each sampled island (B). 

 

Shared ESVs 

n examining the shared ESVs between the foraminifera and the environment, there is a 

high level of specificity in the microbial compositions between the foraminifera, the 

seawater and the substrate, as already pointed out by the nMDS and the RRPP analysis. 

Out of the 1345 sequenced prokaryotic ESVs, a significant portion is exclusively present 

with foraminifera (37%), substrate (13%), and in seawater (44%; Fig 8A).  The proportions 

of ESV shared between the foraminifera and the seawater or substrate is very low, as well 

as between the seawater and substrate (maximum of 3%). Regarding the LBFs prokaryotic 

community, islands Badi and Padjenekang shared 18% of the ESVs, and Padjenekang had 
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triple the amount of exclusive ESVs than Badi (Fig. 8B). The reef areas shared a low 

proportion of ESVs in both islands, between 6 and 8%. The highest proportion of unique 

ESVs in Badi was found in the slope at 10 m depth (44%) and the reef flat in Padjenekang 

(41%) (Fig. 8C).  

 

Fig. 8. Venn diagram of all the shared and exclusive ESVs based on amplicon sequencing of the V4-

V5 region of the 16S rRNA gene. The total number of ESVs are represented in a gradient from dark 

blue to light blue. A. Venn diagram of shared ESVs between the Larger Benthic Foraminifera (LBFs), 

substrate and seawater samples. B. Venn diagram of shared ESVs between the LBFs sampled in 

each island, Badi and Padjenekang. C. Venn diagram of shared ESVs between the LBFs sampled in 

each area of the reef (reef flat, reef slope at 10 and 20 m depth) in each island.  

 

Upon analysing those 501 exclusive ESVs for the LBFs represented in Fig. 8A, the results 

demonstrate unique microbial characteristics associated with each species, with limited 

overlap in the ESVs shared between them (Fig.9): 25% are unique to A. lessonii, 14% to A. 

lobifera, 8% to A. radiata, 2% to H. depressa, 13% to N. calcar, and 15% to C. spengleri. 

The number of shared ESVs between all six species is only 11, highlighting the rarity of 

common ESVs among them. Furthermore, the majority of possible intersections between 
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species average 2.5 shared ESVs. The only exception to this trend is between A. lessonii 

and A. lobifera, which share the higher number of ESVs, totalling 17 and, A. lessonii and 

A. radiata, sharing 11 ESVs.  

 

Fig. 9. Upset diagram representing the exclusively shared ESV among the Larger Benthic 

Foraminifera (LBFs) species based on amplicon sequencing of the V4-V5 region of the 16S rRNA 

gene. The bar graph indicates the number of ESVs shared by the species marked with a dot in the 

area below. On the right, the horizontal bars show the total number of ESV present in one LBFs. 

 

Across all LBFs species, the five most abundant prokaryotic ESVs were identified and 

plotted for all the species (Fig. 10). All ESVs belonging to Gammaproteobacteria class were 

found in all samples except for the ESV 59 (unclassified Gammaproteobacteria), which 

exclusively appeared in C. spengleri. Furthermore, ESV 27, a Bacilli, displayed a ubiquitous 

presence in all the reef slope species.  ESV 21 appeared not only in all reef slope species 

but also in C. spengleri. 

Interestingly, certain LBFs species exhibited distinctive prokaryotic ESV dominance. For 

instance, H. depressa showcased a significant prevalence of ESV 18 

(Gammaproteobacteria, Pseudomonadales,) while N. calcar exhibited a high dominance 

of ESV 11 (Gammaproteobacteria, Burkholderiales). C. spengleri and A. radiata both 

displayed a strong affiliation with ESV 15 (Gammaproteobacteria, Xanthomonadales), 

while A. lobifera was predominantly associated with ESV 85 (Alphaproteobacteria, 

Rhodobacterales). A. lessonii stood out with ESV 21 (Alphaproteobacteria, 
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Rhodobacterales) and ESV 15 (Gammaproteobacteria, Burkholderiales) as its dominant 

ESVs.  

Those described associations between LBFs species and the different ESVs are 

maintained in both island (Fig. 10). However, in Padjenekang there is a strong presence 

of two Bacilli (ESV 27 and ESV37) and two Gammaproteobacteria (ESV25 and ESV35) that 

are not present in Badi. 

 

Fig 10. Relative abundance of the most abundant prokaryotic ESVs in each Larger Benthic 

Foraminifera species, as well as their composition in each sampled island, Badi and Padjenekang. 

The ESVs are grouped in classes by colour. Based on amplicon sequencing of the V4-V5 region of 

the 16S rRNA gene. 
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Core microbiome 

Table 2. LBFs species-specific core prokaryotic microbiome composition each in the different 

areas. The core microbiome ESVs are defined as present in at least 90% of the samples. The first 

column corresponds to the core microbiome of the overall samples of each species. For each 

island, Badi and Padjenekang, the core microbiome was identified for each of the reef areas (reef 

flat and reef slope at 10 m and 20 m depth). Each ESV is coloured based on the taxonomic class: 

Gammaproteobacteria, Alphaproteobacteria, Cyanobacteria, Bacilli and Actinobacteria. Those 

areas where the foraminifera species were not present are indicated with a dash (-). The word 

none is used when no ESV was identified as core microbiome. 

 Overall 
Badi Padjenekang 

Reef flat Slope 10 m Slope 20 m Reef flat Slope 10 m Slope 20 m 

A. lessonii none ESV_23 ESV_11 ESV_11 none ESV_11 ESV_26 ESV_11 
 

  
ESV_21 

  
 ESV_15 ESV_27 ESV_18 

 
  

ESV_30 
  

 ESV_18 ESV_37 ESV_30 
 

  
ESV_90 

  
 ESV_21 ESV_67 ESV_57 

 
  

ESV_107 
  

 ESV_25  
 

A. lobifera none none - - ESV_11 ESV_31 - - 
 

  
ESV_15 ESV_33 

 
  

ESV_23 ESV_35 

 
  

ESV_30  

A. radiata none - none none -  ESV_11 ESV_33 ESV_11 

 
 

 ESV_15 ESV_18 ESV_23 

H. depressa none - ESV_18 ESV_23 -  ESV_18  none 

N. calcar ESV_11 ESV_11 - - ESV_11  none - 
 

 
ESV_21 ESV_23  

 
 

 

 
 

ESV_25 
 

 
 

 
 

 
 

ESV_26 
 

 
 

 
 

C. spengleri none - ESV_59 - none ESV_15 ESV_35 none 
 

 
ESV_70 

 
 ESV_25 ESV_37 

 

 
 

ESV_74 
 

 ESV_26 ESV_60 
 

 
    

 ESV_27  
 

 

Results show that there is no LBFs-shared core prokaryotic microbiome nor species-

specific across all the sampled areas. It is only when analysing the core microbiome in 

each area on each island separately that a species-specific core microbiome was 

detected, reinforcing the site-specific microbiome identified (Table 2). Species found in 

Padjenekang tend to have a core microbiome, while in Badi a core microbiome is much 

more unusual. The size of that core varies from 1 up to 9 ESVs per LBFs species. The 

taxonomic classes involved are Gammaproteobacteria (the most common), 

Alphaproteobacteria, Cyanobacteria, Bacilli and Actinobacteria, being 



22 

Gammaproteobacteria the most common. Specifically, the most common ESVs forming 

the core microbiome of the LBFs species were three Burkholderiales 

(Gammaproteobacteria) ESV_11, followed by ESV_15, ESV_18 and a Cyanobacteria ESV_23 

(Synechococcales). 

On the contrary to the LBFs, the seawater samples showed a big core microbiome with 

49 ESVs present in 90% of all the samples included in this study (Annex 5A). The substrate 

also had a core microbiome across all the samples but it consisted of only 3 ESVs (Annex 

5B). 

 

DISCUSSION 

In this work, the prokaryotic microbiome of six Larger Benthic Foraminifera (LBFs) and 

their environment (seawater and substrate) has been studied through the amplification 

of the variable regions V4-V5 of the 16S rRNA gene. Results show a species-specific and 

site-dependent prokaryotic microbiome. This microbiome is not shared with the 

surrounding seawater nor the substrate, suggesting a possible vertical and horizontal 

transmission of the microbiome. 

1. Is the microbiome of the foraminifera the same as the surrounding environment? 

The results of this study indicate that the microbiome of foraminifera is very different to 

those found in the surrounding water and substrate environments (Martin et al., 2019 

also found this differenes with seawater). In fact, each of these three compartments 

demonstrates distinct microbial communities, with minimal sharing of ESVs among them, 

and no evidence of a shared core microbiome.  

Because LBFs live and feed on the substrate, it was expected to find a shared community 

between them. However, the substrate has its unique composition, with a fairly low 

richness of ESVs that does not assemble a big core microbiome across the reef. This result 

is very different from those of Glasl et al. (2019), where the substrate was by far the richest 

compared to seawater or corals and was similar between sites. However, it is known that 

reefs have a very complex structure where every substrate can lead to specific microbial 

communities (Graham & Nash, 2013 and references within; Yong et al., 2018). The results 
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support these observations, as the island and the area of the reef have a strong influence 

on the overall prokaryotic community of the substrate.  

Seawater stands out as the most diverse compartment and was the only one hosting a 

diverse core microbiome shared across islands and reef areas. Recent studies have 

exposed a substantial underestimation of its microbial diversity (Galand et al., 2023) and 

have demonstrated that microbial communities can be similar across a reef (Glasl et al., 

2019). It is known that water flow links reef areas, transferring organic and inorganic 

matter and living organisms (Goreau et al., 1971; Nelson et al., 2023). This high 

connectivity and its susceptibility to natural cyclic disturbance (Intermediate Disturbance 

Hypothesis by Wilkinson, 1999), could be an explanation for its highly diverse but still 

shared microbiome. 

2. Is there a species-specific microbiome? 

The prokaryotic microbiome of the LBFs exhibits a pronounced species-specificity, that is 

strongly influenced by the site and distinctly different from the surrounding environment. 

This means that in different environments, each of the LBFs species host a unique 

prokaryotic microbiome. Previous studies have also consistently identified a 

characteristic microbiome within LBFs species (Bourne et al., 2013; Martin et al., 2019; 

Webster et al., 2016), therefore it is evident that there is a generalised selectivity in the 

LBFs prokaryotic microbiome. 

For most of the LBFs species, there is a core microbiome in most of the sites, that consists 

of few ESVs. This preference for certain ESVs across the individuals of the same species, 

which varies across areas of the reef, when the total ESV richness is generally around 70, 

indicates that the studied LBFs have a flexible core-microbiome that is site-specific. The 

existence of a variable bacterial microbiome has been proposed as advantageous in 

adapting to changing environmental conditions (Hernandez-Agreda et al., 2016; Prazeres, 

2018; Ziegler et al., 2017) and could help explain the colonisation success of LBFs across 

many marine ecosystems and geological history. This presence of a particular ESV 

strongly suggests that a symbiotic relationship exists, with selective feeding or farming 

being most unlikely. If foraminifera have a preference for one bacterial species as food, 

this would be reflected in a greater variety of ESVs, since the same bacterial species has 
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multiple ESVs. Moreover, the fact that there is a low sharing of ESVs with their 

environment, could be due to a vertical and/or horizontal transmission, not only of their 

symbiotic algae (e.g. Fay et al., 2009; Takagi et al., 2020) but also of their prokaryotic 

microbiome. However, a more in-depth genetic and physiologic study is needed to 

confirm a symbiotic relationship.  

Amphistegina lessonii and A. lobifera have shown a bigger resemblance in their 

microbiome across all the analyses in this study. The greater taxonomic proximity 

between them might account for the similarity in their microbiomes, which suggests a 

possible association between a species' evolutionary lineage and the composition of its 

microbiome. Moreover, A. lobifera and A. radiata have shown some similarities in their 

prokaryotic composition, with no significant differences found between them. Symbiosis 

with eukaryotic algae has been proposed as a driving force in the evolution of diatom-

bearing foraminifera (Lee, 2006; Lee et al., 2010). Consequently, it is plausible that 

prokaryotic symbiosis has also participated in this process, but further research needs to 

be done. 

At class level, Gammaproteobacteria, Alphaproteobacteria and Bacilli were the most 

abundant classes in the LBFs microbiome. These groups have already been consistently 

identified in several LBFs species although the abundance and relative importance of 

each group varies across studies and species (Bourne et al., 2013; Prazeres et al., 2017; 

Webster et al., 2016), as it does for the species in this study. The role that those classes 

might play in LBFs is difficult to determine, as the diversity of prokaryotes and their traits 

are enormously diverse. 

The abundance of classes exhibits variability among hosts, once again highlighting host 

species-specific association. Notably, N. calcar displays a particularly distinctive 

composition characterised by a more even abundance of the prokaryotic classes and a 

high presence of Clostridia and Vicinamibacteria. This species exclusively appeared in the 

reef flat, and its lack of a strong dominance of a class could be due to that species 

confined to shallow areas tend to exhibit more diverse microbiomes compared to those 

of the deeper regions of the Pacific Ocean (Baker, 2003). As of the author's knowledge, 

the present work is the first study including the microbiome of N. calcar, making it 



25 

challenging to determine whether this composition is specific to the local environment or 

not. A. lessonii and A. lobifera were the only species in which Alphaproteobacteria was 

the most abundant class and where Myxococcia was found, again supporting the idea of 

similarities between two very evolutionary close species. 

H. depressa was found to host the lowest diversity compared to the other studied species 

and is predominantly composed of Gammaproteobacteria. This is consistent with the 

findings in (Webster et al., 2016) where Alpha and Gammaproteobacteria were much 

more dominant in the microbiome of H. depressa. However, Bourne et al., (2013), it had 

the largest abundance of Cyanobacteria compared to other species. These differences 

between studies support the idea of site-specific prokaryotic microbiome, although 

different methods can result in bias during amplification. 

It has been extensively demonstrated that the choice of DNA extraction method as well 

as 16S ribosomal regions to sequence leads to bias in the amplification of certain groups 

over others (Barb et al., 2016; Clooney et al., 2016; Fouhy et al., 2016; Hallmaier-Wacker 

et al., 2018; Rintala et al., 2017). The referenced studies above on LBFs microbiome use 

different extraction methods and target other variable regions of the 16S gene (Bourne 

et al., 2013; Martin et al., 2019; Prazeres, 2018; Prazeres et al., 2017; Webster et al., 2016), 

so it is to be expected to find disparities in abundances due to this factor. Finally, the 

reference database for the taxonomic assignation can also cause differences between 

studies. For instance, the SILVA database (used in this work, as well as in (Prazeres, 2018; 

Prazeres et al., 2017; Webster et al., 2013, 2016)) considered Burkholderiales as a 

Gammaproteobacteria, whereas in other databases like GreenGenes is classified as 

Betaproteobacteria (used in Bourne et al., 2013; Martin et al., 2019). Due to this, it is 

urgent to establish consensus in the scientific community to use methods that are as 

similar as possible. 

3. Does the microbiome change with island or reef area? 

The composition of the microbiome is significantly influenced by both the island and the 

reef area. Dissimilarities between islands could be attributed to two factors. First, 

disparities in their substrate composition. Reef sediment characteristics, such as particle 

composition or carbon content have an important role shaping in its microbial 
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community (Glasl et al., 2019). Each island featured distinct substrates, with Badi 

characterized by a higher prevalence of algae and Padjenekang exhibiting a greater 

abundance of sand. 

Secondly, the influence of terrestrial factors. Both islands are inhabited, and the 

composition of the free bacterial community is strongly influenced by water quality, 

which tends to deteriorate in areas with human presence. Studies conducted in the 

Spermonde Archipelago region have consistently shown a close relationship between the 

bacterial community and water quality (Kegler et al., 2017; Polónia et al., 2015). 

Specifically, low water quality accompanied by a high influx of organic matter can lead to 

a greater abundance of Gammaproteobacteria, Bacilli, and Bacteroidia (Kegler et al., 

2017). 

Both islands are inhabited and the free bacterial community is very much influenced by 

water quality, which tends to decrease with human presence. Studies in this area 

(Spermonde Archipelago) have shown that the bacterial community is very related to 

water quality (Kegler et al., 2017; Polónia et al., 2015), and low water quality with a high 

input of organic matter can result in a higher abundance of Gammaproteobacteria, Bacilli 

and Bacteroidia (Kegler et al., 2017).  

Gammaproteobacteria and Bacilli, have a strong presence in the foraminifera in 

Padjenekang, and the seawater samples from this area, the order Bacteroidales, often 

associated with long-term human sewage contamination (Newton et al., 2011), were 

notably prevalent. In Badi, Alphaproteobacteria becomes very abundant, which is related 

to a higher concentration of inorganic nutrients in this area (Kegler et al., 2017). However, 

confirming these associations would require more extensive research, which is beyond 

the scope of our current work.  

Dissimilarities are evident among reef areas. Although the sharing of ESVs between areas 

is relatively limited, a higher number of shared ESVs is observed among species occupying 

the same reef area. This is expected, first because not all LBFs were present across all the 

reef areas and results show that the prokaryotic microbiome is species-specific. For those 

species that have been sampled across different areas (A. lessonii, A. lobifera and H. 

depressa), results show that their prokaryotic microbiome varies with depth. This effect 
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has also been shown in other studies that have sampled LBFs across different depths 

(Prazeres, 2018). The reef ecosystem is very heterogenous, where each habitat 

(Montaggioni, 2005) has its intrinsic environmental conditions (Baumann et al., 2016; 

Guadayol et al., 2014) that can ultimately influence the prokaryotic microbiome in LBFs  

(Prazeres et al., 2017). 

 

Conclusions 

In summary, this study underscores the intricate interplay between species and local 

environmental conditions in shaping prokaryotic communities within Larger Benthic 

Foraminifera (LBFs). These insights offer valuable perspectives into the dynamics of 

microbial communities in these vital marine habitats, shedding light on the determinants 

of their diversity and composition. Our findings reveal that the prokaryotic microbiome 

of LBFs displays a pronounced species and site specificity, distinctly different from the 

surrounding environment. At the class level, Gammaproteobacteria and Alpha and 

Gammaproteobacteria emerge as the predominant classes in the LBFs' microbiome, 

although, the abundance of specific microbial groups varies among species and islands. 

Furthermore, most LBFs exhibit a core microbiome that exhibits variability within specific 

sites, suggesting that LBFs species have flexible prokaryotic microbiome depending on 

the environment. Interestingly, taxonomically closer LBF species tend to harbour more 

similar microbiomes, suggesting a potential correlation between phylogenetic proximity 

and microbial community composition among these fascinating marine organisms. 
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ANNEX 1. Seawater DNA extraction 

Modified protocol of the DNeasy 96 Blood & Tissue Kit for seawater DNA extraction. 

1. Add sterile glass beads to each 1.5 mL tube containing ATL buffer and add 50 uL of Proteinase-K solution 

to each tube. Pulverise for 60 s at 30 Hz using the TissueLyser II.  

2. Incubate overnight at 37°C on a rocking platform at 300 rpm. 

3. Vortex 15 s and centrifuge at 11,000 x g for 1 minute. 

4. Transfer lysis solution of 96 samples (including negatives) to a sterile 96 deep-well plate (2mL) sealable.  

5. Add 1127.5 μl premixed Buffer AL–ethanol to each sample. 

Note: A white precipitate may form upon addition of Buffer AL–ethanol to the lysate. It is important to 

apply all of the lysate, including the precipitate, to the DNeasy 96 plate in step 8.  

6. Ensure that the plate is properly sealed to avoid leakage during shaking. Place a clear cover over the 

plate and shake the plate vigorously up and down for 15 s. To collect any solution from the seal, 

centrifuge the plate. Allow the centrifuge to reach 3000 rpm, and then stop the centrifuge. Do not 

prolong this step. 

7. Place two DNeasy 96 plates on top of S-Blocks (provided). Mark the DNeasy 96 plates for later sample 

identification. 

8. Remove and discard the seal from the plate. Carefully transfer the lysate (maximum 900 μl) of each 

sample from step 6 to each well of the DNeasy 96 plates. Take care not to wet the rims of the wells to 

avoid aerosols during centrifugation. Do not transfer more than 900 μl per well. 

Note: If the volume of Proteinase K–Buffer ATL working solution was increased in step 5, transfer no 

more than 900 μl of the supernatant from step 6 to the DNeasy 96 plate. 

9. Seal each DNeasy 96 plate with an AirPore Tape Sheet (provided). Centrifuge for 10 min at 6000 rpm. 

10. Repeat steps 5 to 9 to pass the rest of the lysate (maximum 900 uL).  

11. Remove the tape. Carefully add 500 μl Buffer AW1 to each sample. 

12. Seal each DNeasy 96 plate with a new AirPore Tape Sheet (provided). Centrifuge for 5 min at 6000 rpm. 

13. Remove the tape. Carefully add 500 μl Buffer AW2 to each sample. 

14. Centrifuge for 15 min at 6000 rpm. Do not seal the plate with AirPore Tape. 

15. Place each DNeasy 96 plate in the correct orientation on a new rack of Elution Microtubes RS (provided). 

16. To elute the DNA, add 100 μl Buffer AE to each sample, and seal the DNeasy 96 plates with new AirPore 

Tape Sheets (provided). Incubate for 1 min at room temperature. Centrifuge for 2 min at 6000 rpm. 

17. Repeat step 16 using the 100 μl eluate from the first elution.  

18. Quantify DNA concentration of each sample to verify for successful extraction and potential 

contamination. Upload DNA concentrations on the google drive folder and/or indicate the values in the 

“Extraction-PLATEposition” excel sheet. 
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ANNEX 2. Substrate DNA extraction 

Modified protocol of the NucleoSpin Soil kit for substrate DNA extraction.  

Samples processing 

1. Process 23 samples at a time and add a negative control in step 10 (total = 24 samples per extraction 

run). 

2. Sterilise a scrapper/spoon and tweezers, by first dipping in bleach, then in milliQ and finally in ethanol 

96%. Do not dry with a cloth. Ready to use.  

3. If big pieces of corals/algae are present in the sample tube, hold the piece in the tube with the ethanol 

using the tweezers and scrape the solid surface from all sides to try to detach as many 

bacteria/algae/sand as possible. Note: if sand, do not touch and pass to the next sample. 

4. After scraping, remove the pieces from the tube and keep the ethanol sample for later.  

5. Do so with all samples.  

6. Transfer 2 mL of ethanol from the sample into a 2 mL tube. Centrifuge at max speed for 20 minutes to 

precipitate the DNA. 

7. Gently remove the supernatant ethanol from the tube.  

8. Repeat steps 5-6 until the whole sample is empty.  

9. If sediment remains in the original sampling tube, use a spoon/spatula to transfer as much as possible 

of the sediment into the 2 mL tube.  

10. Leave the sample to dry with the lid open in a thermomix at 50°C under the clean bench overnight. 

Include an empty 2 mL tube with lid open that will serve as negative control for this extraction run.  

11. Start the NucleoSpin extraction protocol. 

Step 1: Lysis of the sample 

1. Transfer the ceramic beads from the NucleoSpin® Bead Tube Type A into the 2 mL tube. 

2. Add 700 μL Buffer SL1 

3. Add 150 μL Enhancer SX  

4. Add 50 μL Proteinase-K and close the cap. 

5. Place the 2 mL tubes in the TissueLyser II.  

6. Vortex the samples at full speed and room temperature (18–25 °C) for 5 min. 

7. Place the 2 mL tubes in a thermomix at 37°C with 300 RPM under the clean bench overnight. 

Step 2: Precipitate contaminants 

8. Centrifuge for 2 min at 11,000 x g to eliminate the foam caused by the detergent. 

9. Transfer the clear supernatant to a new 2 mL tube. 

10. Add 150 μL Buffer SL3 and vortex for 5 s. 

11. Incubate for 5 min at 0–4 °C (in the fridge). 

12. Centrifuge for 1 min at 11,000 x g. 

Step 3: Filter lysate, adjust binding condition and bind DNA 

Same as official protocol 

Step 4: Wash and dry silica membrane 

Same as official protocol 

Step 5: Elute DNA 

30. Place the NucleoSpin® Soil Column into a new 1.5 microcentrifuge tube (not provided).  

31. Add 100 μL (for high yield) Buffer SE to the column. Do not close the lid and incubate for 1 min at room 

temperature (18–25 °C). Close the lid and centrifuge for 30 s at 11,000 x g. 

31. Repeat step 31 by pipetting the eluted DNA back onto the column to increase DNA yield.
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ANNEX 4. RRPP analysis 

Pairwise Randomization of Residuals in a Permutation Procedure (RRPP) for the 

prokaryotic communities within A. sample type (seawater, substrate and each of the 6 

species of LBFs) and, B. area of the reef (reef flat, reef slope at 10 and 20 m depth). This 

test was conducted on both the Bray-Curtis and Jaccard dissimilarity matrix using SS typeI. 

A. Pairwise comparisons between sample types. Significance codes: 0.05* 

 

 p - value   p - value 

seawater vs substrate 0.001*  LBFs vs LBFs  

SEAWATER VS LBFs   H. depressa vs A. lessonii 0.001* 

seawater vs H. depressa 0.001*  H. depressa vs A. lobifera 0.003* 

seawater vs A. lessonii 0.001*  H. depressa vs A. radiata 0.008* 

seawater vs A. lobifera 0.001*  H. depressa vs C. spengleri 0.001* 

seawater vs A. radiata 0.001*  H. depressa vs N. calcar 0.003* 

seawater vs C. spengleri 0.001*  A. lessonii vs A. lobifera 0.272 

seawater vs N. calcar 0.001*  A. lessonii vs A. radiata 0.002* 

SUBSTRATE vs LBFs     A. lessonii vs C. spengleri 0.015* 

substrate vs H. depressa 0.001*  A. lessonii vs N. calcar 0.152 

substrate vs A. lessonii 0.001*  A. lobifera vs A. radiata 0.060 

substrate vs A. lobifera 0.017*  A. lobifera vs C. spengleri 0.124 

substrate vs A. radiata 0.001*  A. lobifera vs N. calcar 0.024* 

substrate vs C. spengleri 0.001*  A. radiata vs C. spengleri 0.003* 

substrate vs N. calcar 0.001*  A. radiata vs N. calcar 0.276 

   C. spengleri vs N. calcar 0.136 

 

 

B. Pairwise comparisons for each island. Significance codes: 0.05* 

  Badi   Padjenekang 

 R2 (%) p-value  R2 (%) p-value 

Sample type 31.18 0.001*  31.04 0.001* 

Area 3.95 0.001*  4.65 0.001* 

Sample type:area 9.44 0.010*  8.13 0.115 
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C. Pairwise comparisons between sample types in each island. Significance codes: 0.05* 

 

 Badi Padjenekang   Badi Padjenekang 

 p - value p - value   p - value p - value 

seawater vs substrate 0.001* 0.001*  LBFs vs LBFs   

SEAWATER VS LBFs    H. depressa vs A. lessonii 0.001* 0.001* 

seawater vs H. depressa 0.001* 0.001*  H. depressa vs A. lobifera 0.013* 0.032* 

seawater vs A. lessonii 0.001* 0.001*  H. depressa vs A. radiata 0.381 0.013* 

seawater vs A. lobifera 0.001* 0.001*  H. depressa vs C. spengleri 0.001* 0.002* 

seawater vs A. radiata 0.001* 0.001*  H. depressa vs N. calcar 0.015* 0.501 

seawater vs C. spengleri 0.001* 0.001*  A. lessonii vs A. lobifera 0.421 0.272 

seawater vs N. calcar 0.001* 0.001*  A. lessonii vs A. radiata 0.024* 0.030* 

SUBSTRATE vs LBFs    A. lessonii vs C. spengleri 0.019* 0.117 

substrate vs H. depressa 0.004* 0.005*  A. lessonii vs N. calcar 0.186 0.118 

substrate vs A. lessonii 0.086 0.004*  A. lobifera vs A. radiata 0.194 0.195 

substrate vs A. lobifera 0.477 0.014*  A. lobifera vs C. spengleri 0.111 0.344 

substrate vs A. radiata 0.014* 0.001*  A. lobifera vs N. calcar 0.029* 0.089 

substrate vs C. spengleri 0.012* 0.001*  A. radiata vs C. spengleri 0.003* 0.073 

substrate vs N. calcar 0.015* 0.016*  A. radiata vs N. calcar 0.097 0.412 

    C. spengleri vs N. calcar 0.090 0.126 

 

D. Pairwise comparisons between the prokaryotic community of the LBFs among the reef 

areas in each island. Significance codes: 0.05* 

  Badi Padjenekang 

 p-value p-value 

Reef flat vs 10m 0.710 0.026* 

Reef flat vs 20m 0.412 0.343 

10m vs 20m  0.004* 0.001* 

 

E. Pairwise comparisons of the prokaryotic community of the LBFs across reef areas. 

Significance codes: 0.05* 

  A. lessonii A. radiata H. depressa 

 p-value p-value p-value 

Reef flat vs 10m 0.001* - - 

Reef flat vs 20m 0.001* - - 

10m vs 20m  0.017* 0.042* 0.043* 

  



60 

ANNEX 5. Seawater and Substrate core microbiome 

A. Seawater core microbiome: ESVs found across 90% of all water samples. 

ESV Class Order  ESV Class Order 

ESV_61 Actinobacteriota Acidimicrobiia ESV_94 Bacteroidota Bacteroidia 

ESV_65 Actinobacteriota Acidimicrobiia ESV_97 Bacteroidota Bacteroidia 

ESV_126 Actinobacteriota Acidimicrobiia ESV_98 Bacteroidota Bacteroidia 

ESV_31 Proteobacteria Alphaproteobacteria ESV_109 Bacteroidota Bacteroidia 

ESV_43 Proteobacteria Alphaproteobacteria ESV_166 Bacteroidota Bacteroidia 

ESV_46 Proteobacteria Alphaproteobacteria ESV_169 Bacteroidota Bacteroidia 

ESV_63 Proteobacteria Alphaproteobacteria ESV_216 Bacteroidota Bacteroidia 

ESV_66 Proteobacteria Alphaproteobacteria ESV_247 Bacteroidota Bacteroidia 

ESV_92 Proteobacteria Alphaproteobacteria ESV_303 Bacteroidota Bacteroidia 

ESV_93 Proteobacteria Alphaproteobacteria ESV_331 Bacteroidota Bacteroidia 

ESV_100 Proteobacteria Alphaproteobacteria ESV_342 Bacteroidota Bacteroidia 

ESV_136 Proteobacteria Alphaproteobacteria ESV_411 Bacteroidota Bacteroidia 

ESV_152 Proteobacteria Alphaproteobacteria ESV_23 Cyanobacteria Cyanobacteriia 

ESV_161 Proteobacteria Alphaproteobacteria ESV_51 Cyanobacteria Cyanobacteriia 

ESV_195 Proteobacteria Alphaproteobacteria ESV_104 Cyanobacteria Cyanobacteriia 

ESV_198 Proteobacteria Alphaproteobacteria ESV_125 Cyanobacteria Cyanobacteriia 

ESV_235 Proteobacteria Alphaproteobacteria ESV_91 Proteobacteria Gammaproteobacteria 

ESV_301 Proteobacteria Alphaproteobacteria ESV_122 Proteobacteria Gammaproteobacteria 

ESV_304 Proteobacteria Alphaproteobacteria ESV_124 Proteobacteria Gammaproteobacteria 

ESV_307 Proteobacteria Alphaproteobacteria ESV_153 Proteobacteria Gammaproteobacteria 

ESV_330 Proteobacteria Alphaproteobacteria ESV_204 Proteobacteria Gammaproteobacteria 

ESV_358 Proteobacteria Alphaproteobacteria ESV_367 Proteobacteria Gammaproteobacteria 

ESV_374 Proteobacteria Alphaproteobacteria ESV_400 Proteobacteria Gammaproteobacteria 

ESV_396 Proteobacteria Alphaproteobacteria ESV_510 Proteobacteria Gammaproteobacteria 

ESV_281 Planctomycetota Phycisphaeraeº    

 

B. Substrate core microbiome: ESVs found across 90% of all substrate samples. 

ESV Class Order 

ESV_21 Proteobacteria Alphaproteobacteria 

ESV_30 Proteobacteria Alphaproteobacteria 

ESV_58 Proteobacteria Alphaproteobacteria 

 

 

 

 


